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1. Introduction
Adhesives produced from the traditional tools have been used for thousands of years. The 
advantages of using adhesively bonding techniques instead of classical mechanical fasten-
ers can be listed as joining similar/dissimilar materials, significantly reducing the stress con-
centrations, providing more-uniform stress distributions along the overlap length, savings 
in weight and cost, eliminating any cuts/holes in the joint, etc. Adhesive bonding is often 
an appropriate choice for joining similar/dissimilar substrates (various substrate combina-
tions, e.g., metal-to-metal, metal-to-composite, metal-to-rubber, metal-to-glass, metal-to-
wood, etc.). Subject of adhesive bonding is also multidisciplinary in nature since it deals with 
adhesives drawn from the disciplines of chemical, mechanical, medical and medicine, bio-
logical, and other sciences. Adhesives have therefore become a key research area because of 
their potential applications. Today, adhesives are used extensively in aerospace, industrial, 
and medical applications. Three basic types of adhesively bonded joints used commonly are 
shown in Figure 1.
Choosing an appropriate joining technique is important to have strong joints. Single lap-joint 
(SLJ) is a simple joint type that allows for joining two adherends easily (Figure 1a). The slope 
of the scarf is the main factor determining the stresses developed on the inclined section of 
scarf joints (Figure 1b). Butt joint is another simple joining technique, and can have some dis-
advantages due to the small overlap area (Figure 1c). Each lap-joint type has therefore com-
parative advantages and disadvantages over the others. It is therefore important to choose 
the appropriate lap-joint type considering the application purposes. In addition to joint types, 
mechanical properties of adhesive/adherend materials, overlap length, thicknesses of adhe-
sive/adherend, etc., affect stresses developed in the joint and hence the joint strength.
© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any edium, provided the original work is properly cited.
This study aims to review some advancements in applications of the structural adhesively 
bonded joints. SLJ, the simplest form of adhesive joints, was introduced first and its char-
acteristic behaviors of stress distributions along the bondline were given and discussed. In 
the adhesively bonded joint applications, reducing the stress concentrations and maximizing 
the failure load are the important issues to be solved. Many different techniques have been 
proposed to reduce stress concentrations. Grading the adhesive band has recently come to 
the fore among the reported remedies to overcome the problems faced by lap-joint applica-
tions. Two important applications of grading the adhesive band are using the bi-adhesive 
and modulus-graded bondlines in lap joints. The bi-adhesive bondline consists of three indi-
vidual regions by a combination of stiff and flexible adhesives along the bondline, in which 
the flexible adhesives locate at the bondline ends and the stiff adhesive locates in the middle 
of the overlap. Second remedy is to use the modulus-graded bondline, in which bondline is 
graded functionally along the overlap length. This study aims to discuss the role of the adhe-
sive layer on shear stress distributions and review some advancements in applications of the 
bi-adhesive and modulus-graded joints. Each joining technique was discussed briefly and 
compared with the joints bonded with a mono-adhesive alone.
2. Structural adhesive joints
2.1. Mono-adhesive bondline
Single lap joints have been studied by many authors [1–8]. As seen in Figure 2, load eccen-
tricity results in developing the bending moments in an SLJ subjected to an axial loading. 
Figure 2 shows the characteristic behavior of the peel and shear stress distributions along the 
bondline length.
It is seen from Figure 2 that both shear and peel stresses become peak at overlap ends. However, 
higher peel stresses develop at the overlap ends due to bending moment effect. Single lap joints 
Figure 1. Three basic types of adhesively bonded joints.
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bonded with a mono-adhesive alone are widely used joints, however, weak in local stress con-
centrations at the overlap ends. High stress regions at the overlap ends reduce their failure 
loads and hence joint strengths. When adhesively bonded joint is subjected to tensile load, load 
is transferred mainly by shear stress developed in the adhesive layer. The first analytical model 
for assessing the adhesive shear stresses of bonded joints was developed by Volkersen [9]. His 
model is also called shear-lag model, which neglects the bending moment. The adhesive shear 
stress distribution is defined in the Volkersen model as follows:
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In which, ω is the characteristic shear-lag distance. t
t
 and t
b
 are the top and bottom adherend 
thicknesses, respectively. b and l are the bond width and bond length, respectively. E, G
a
, and 
F are the adherend modulus, adhesive shear modulus, and applied force, respectively. The 
x-axis passes through the mid-plane of the adhesive layer. As seen from Figure 2, high peel 
and shear stress concentrations develop at the overlap ends. There have been many attempts 
to reduce the stress concentrations of SLJ and improve its failure loads [10–12].
Figure 2. Deformed shape of an SLJ and stress distributions along its bondline length.
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2.2. Modulus-graded bondline
One of the important remedies to overcome some deficiencies (i.e., stress concentration, 
decreasing in joint strength, etc.) arising in lap joints is grading the adhesive properties along 
the bondline. The earliest study on grading the modulus of an adhesive along the overlap 
length was performed by Raphael [14]. He splitted the adhesive bondline into finite number 
of discrete parts (Figure 3).
His model is based on the shear-lag concept of Volkersen, and therefore neglects the peel 
stress effect [13]. The work was undertaken as part of a program to design and test bonded 
rocket motor cases. The aim was to obtain the highest possible joint strength for a simple 
overlap. However, Raphael did not report any experimental work nor, indeed, quantify the 
possible benefits of a variable modulus bondline [14].
Figure 4 shows an SLJ bonded with the modulus-graded bondline. Recently, Carbas et al. [15] 
developed a simple analytical model to study the performance of the functionally graded joints.
In addition to numerical study, Carbas and others [16] also performed experimental study 
and used induction heating system to have a graded cure and joints with the adhesive gradu-
ally modified along the overlap. The induction system was set to allow the induction heating 
at the overlap ends and the induction cooling in the middle. They also performed analytical 
analyses to predict the failure load of the joints with graded cure and isothermal cure.
Modulus-graded joints have been studied in a limited number of papers in the literature and 
still open for numerical/analytical/experimental studies. The reader may refer to the follow-
ing articles for current applications [17–23].
2.3. Bi-adhesive bondline
Bi-adhesive joint is an alternative stress-management technique for adhesively bonded lap 
joints. Its bondline includes a combination of stiff and flexible adhesives (Figure 5). This joint 
type including two types of adhesives in the overlap region is called as bi-adhesive, hybrid-
adhesive, and mixed-adhesive joints in the literature.
Figure 4. An SLJ bonded with the modulus-graded bondline.
Figure 3. Raphael’s modulus-graded bondline.
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The stiff adhesive should be located in the middle and flexible adhesive at the ends of 
the bondline. The earliest study on the bi-adhesive joints was performed by Raphael [13]. 
Özer and Öz [24, 25] performed numerical studies to investigate the state of stress in 
the bi-adhesive bondline. In their other study [26], they also performed an experimental 
study to assess the effect of a bi-adhesive bondline on the failure load of both mono- and 
bi-adhesive SLJs. Their results were discussed briefly in Figure 6. Figure 6 shows the 
characteristic behaviors of shear stress distributions along the mid-plane of the mono- and 
bi-adhesive layers. For comparison purposes, the shear stress distributions for the mono-
flexible and mono-stiff adhesives were also given for mono-adhesive SLJs. As can be seen 
from Figure 6, shear stress distribution for the mono-flexible adhesive is more uniform 
than that of the mono-stiff adhesive and there is a lower stress concentration at the overlap 
edges. As a result, it is seen that the shear stress concentrations occurred at the overlap 
edges for mono-adhesive joints.
However, in the bi-adhesive bondline, as can be seen in Figure 6, the position of the maximum 
shear stress moves to a new position between adhesives (i.e., to the ends of the stiff adhesive 
in the middle). As reported above, the maximum shear stresses becomes peak at the overlap 
edges for mono-adhesive joints, however, it becomes peak at the contact interfaces for bi-
adhesive joints.
Figure 5. Bi-adhesive single lap-joint.
Figure 6. Characteristic behavior of shear stress distributions along mono- and bi-adhesive bondlines.
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Therefore, it is seen that peak shear stress decreases at the overlap edges and increases at the 
contact interfaces (i.e., at the ends of the stiff adhesive) in the bi-adhesive bondline. It can be 
concluded that stiff adhesive in the middle contributes its high shear-strength-capacity to the 
bi-adhesive joint. Therefore, high stress concentrations at the bondline ends can be reduced 
by using bi-adhesive bondline. However, it is important to select the appropriate adhesive 
type for the bi-adhesive bondline. In addition, amounts of the stiff/flexible adhesives used in 
the bi-adhesive bondline also affect the shear stress values.
There are a limited number of publications in the open literature about the bi-adhesive joints. 
The reader may refer to the following articles for current applications of the joints bonded 
with bi-adhesive bondline [27–33].
3. Conclusion
It is known that high stress concentrations develop at the overlap ends of the adhesively bonded 
joints. Grading the adhesive band has recently come to the fore among the reported remedies 
to overcome the problems faced by lap-joint applications. In this study, the role of the adhe-
sive layer on stress distributions was reviewed. Joining techniques using the bi-adhesive and 
modulus-graded bondlines were discussed briefly and compared with the joints bonded with 
a mono-adhesive alone. It is seen that high stress concentrations at the ends can be reduced by 
using these techniques. It is therefore concluded that stress concentration and joint strength 
can be optimized by using modulus-graded and bi-adhesive bondlines in the lap joints.
Author details
Halil Özer
Address all correspondence to: hozer@yildiz.edu.tr
Mechanical Engineering Department, Yıldız Technical University, Istanbul, Turkey
References
[1] Adams RD, Peppiatt NA. Effect of Poisson’s ratio strains in adherends on stresses of an 
idealized lap joint. The Journal of Strain Analysis for Engineering Design. 1973;8:134-139
[2] Hart-Smith LJ. Adhesive-bonded single-lap joints. 1973. NASA CR-112236
[3] Adams RD, Peppiatt NA. Stress analysis of adhesive-bonded lap joints. The Journal of 
Strain Analysis for Engineering Design. 1974;9:185-196
[4] Allman DJ. A theory for elastic stresses in adhesive bonded lap joints. The Quarterly 
Journal of Mechanics and Applied Mathematics. 1977;30:415-436
Applied Adhesive Bonding in Science and Technology8
[5] Bigwood DA, Crocombe AD. Elastic analysis and engineering design formulae for 
bonded joints. International Journal of Adhesion and Adhesives. 1989;9:229-242
[6] Tsai MY, Oplinger DW, Morton J. Improved theoretical solutions for adhesive lap joints. 
International Journal of Solids and Structures. 1998;35:1163-1185
[7] Zhao B, Lu Z-H. A two-dimensional approach of single-lap adhesive bonded joints. 
Mechanics of Advanced Materials and Structures. 2009;16:130-159
[8] Zhao B, Lu Z-H, Lu Y-N. Closed-form solutions for elastic stress–strain analysis in 
unbalanced adhesive single-lap joints considering adherend deformations and bond 
thickness. International Journal of Adhesion and Adhesives. 2011;31:434-445
[9] Volkersen O. Rivet strength distribution in tensile-stressed rivet joints with constant 
cross-section. Luftfahrorschung. 1938;15:41-47
[10] Hua Y, Gu L, Trogdon M. Three-dimensional modeling of carbon/epoxy to titanium 
single-lap joints with variable adhesive recess length. International Journal of Adhesion 
and Adhesives. 2012;38:25-30
[11] Belingardi G, Goglio L, Tarditi A. Investigating the effect of spew and chamfer size on 
the stresses in metal/plastics adhesive joints. International Journal of Adhesion and 
Adhesives. 2002;22:273-282
[12] Çalık A, Yıldırım S. Effect of adherend recessing on bi-adhesively bonded single-lap 
joints with spew fillet. Sadhana. 2017;42:317-325
[13] Raphael C. Variable-adhesive bonded joints. Journal of Applied Polymer Science: 
Applied Polymer Symposium. 1965;3:99-108
[14] Broughton JG, Fitton MD. Science of mixed-adhesive joints. In: da Silva L, Pirondi A, 
Öchsner A, editors. Hybrid Adhesive Joints. Berlin, Heidelberg: Springer; 2011. pp. 257-281
[15] Carbas RJC, da Silva LFM, Madureira ML, Critchlow GW. Modelling of functionally 
graded adhesive joints. The Journal of Adhesion. 2014;90:698-716
[16] Carbas RJC, da Silva LFM, Critchlow GW. Adhesively bonded functionally graded joints 
by induction heating. International Journal of Adhesion and Adhesives. 2014;48:110-118
[17] Stein N, Mardani H, Becker W. An efficient analysis model for functionally graded adhe-
sive single lap joints. International Journal of Adhesion and Adhesives. 2016;70:117-125
[18] Stein N, Felger J, Becker W. Analytical models for functionally graded adhesive sin-
gle lap joints: A comparative study. International Journal of Adhesion and Adhesives. 
2017;76:70-82
[19] Nimje SV, Panigrahi SK. Strain energy release rate based damage analysis of functionally 
graded adhesively bonded tubular lap joint of laminated FRP composites. The Journal of 
Adhesion. 2017;93:389-411
[20] Stein N, Rosendahl PL, Becker W. Homogenization of mechanical and thermal stresses 
in functionally graded adhesive joints. Composites Part B: Engineering. 2017;111:279-293
Introductory Chapter: Structural Adhesive Bonded Joints
http://dx.doi.org/10.5772/intechopen.74229
9
[21] Khan MA, Kumar S. Interfacial stresses in single-side composite patch repairs with mate-
rial tailored bondline. Mechanics of Advanced Materials and Structures. 2018;25:304-318
[22] Stapleton SE, Weimer J, Spengler J. Design of functionally graded joints using a poly-
urethane-based adhesive with varying amounts of acrylate. International Journal of 
Adhesion and Adhesives. 2017;76:38-46
[23] Kumar S, Wardle BL, Arif MF. Strength and performance enhancement of bonded joints 
by spatial tailoring of adhesive compliance via 3D printing. ACS Applied Materials and 
Interfaces. 2017;9:884-891
[24] Özer H, Öz Ö. Three dimensional finite element analysis of bi-adhesively bonded dou-
ble lap joint. International Journal of Adhesion and Adhesives. 2012;37:50-55
[25] Özer H, Öz Ö. A comparative evaluation of numerical and analytical solutions to the 
biadhesive single-lap joint. Mathematical Problems in Engineering. 2014;2014:852872
[26] Öz Ö, Özer H. An experimental investigation on the failure loads of the mono and bi-
adhesive joints. Journal of Adhesion Science and Technology. 2017;31:2251-2270
[27] das Neves PJC, da Silva LFM, Adams RD. Analysis of mixed adhesive bonded joints. Part 
I: Theoretical formulation. Journal of Adhesion Science and Technology. 2009;23:1-34
[28] Yousefsani SA, Tahani M. Relief of edge effects in bi-adhesive composite joints. 
Composites Part B: Engineering. 2017;108:153-163
[29] Breto R, Chiminelli A, Lizaranzu M, Rodríguez R. Study of the singular term in mixed 
adhesive joints. International Journal of Adhesion and Adhesives. 2017;76:11-16
[30] Temiz S. Application of bi-adhesive in double-strap joints subjected to bending moment. 
Journal of Adhesion Science and Technology. 2006;20:1547-1560
[31] Marques EAS, Campilho RDSG, da Silva LFM. Geometrical study of mixed adhesive 
joints for high-temperature applications. Journal of Adhesion Science and Technology. 
2016;30:691-707
[32] Akpinar S, Aydin MD, Özel A. A study on 3-D stress distributions in the bi-adhesively 
bonded T-joints. Applied Mathematical Modelling. 2013;37:10220-10230
[33] Chiminelli A, Breto R, Izquierdo S, Bergamasco L, Duvivier E, Lizaranzu M. Analysis 
of mixed adhesive joints considering the compaction process. International Journal of 
Adhesion and Adhesives. 2017;76:3-10
Applied Adhesive Bonding in Science and Technology10
